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ABSTRACT 

We compare deep Magellan spectroscopy of 26 groups at 0.3 < z < 0.55, selected 
from the Canadian Network for Observational Cosmology 2 field survey, with a large 
sample of nearby groups from the 2PIGG catalogue (Eke et al. 2004). We find that 
the fraction of group galaxies with significant [Oii]A3727 emission (>5A) increases 
strongly with redshift, from - 29% in 2dFGRS to - 58% in CN0C2, for aU galaxies 
brighter than ^ M* + 1.75. This trend is parallel to the evolution of field galaxies, 
where the equivalent fraction of emission line galaxies increases from 53% to ~ 75%. 
The fraction of emission-line galaxies in groups is lower than in the field, across the 
full redshift range, indicating that the history of star formation in groups is influenced 
by their environment. We show that the evolution required to explain the data is 
inconsistent with a quiescent model of galaxy evolution; instead, discrete events in 
which galaxies cease forming stars (truncation events) are required. We constrain 
the probability of truncation (Ptrunc) and find that a high value is required in a 
simple evolutionary scenario neglecting galaxy mergers (Ptrunc ^ 0.3 Gyr^-'^). However, 
without assuming significant density evolution, Ptrunc is not required to be larger 
in groups than in the field, suggesting that the environmental dependence of star 
formation was embedded at redshifts z ^ 0.45. 
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1 INTRODUCTION 

Star formation rates derived from high redshift UV sur- 
veys and low redshift spectral analysis indicate that the 
global star formation rate has declined since z ^ 1.5 by 
an uncertain factor of between 4.0 and 40.0 (e.g. Lilly et al. 
1996; Madau et al. 1998; Wilson et al. 2002; Panter et al. 
2003). This evolution is apparently associated with down- 
sizing (Cowie et al. 1999; Kauffmann et al. 2003; Poggianti 
et al. 2004), such that the characteristic mass of star form- 
ing galaxies decreases with time. The precise cause of this 
decline, however, is unknown. It may be driven by internal 
(local) processes, leading to the exhaustion of the gas reser- 
voir, or by interactions with the local environment. This is 
often referred to as the nature versus nurture dichotomy of 
galaxy evolution. 



The properties of a galaxy population are known to 
be strongly correlated with their local environment (e.g. 
Dressier 1980) : galaxies in dense environments typically have 
bulge-dominated morphologies, low star formation rates and 
HI gas content, and red colours. Large surveys such as the 
Sloan Digital Sky Survey (SDSS) have shown that both the 
galaxy colour distribution (e.g. Blanton et al. 2003; Balogh 
et al. 2004b) and star formation rate distribution (Lewis 
et al. 2002a; Martinez et al. 2002; Gomez et al. 2003; Balogh 
et al. 2004a; Kauffmann et al. 2004) depend on local galaxy 
density over a wide dynamic range. Similar trends have also 
been determined at redshifts up to 2 ~ 0.5 (Dressier et al. 
1997; Balogh et al. 1999; Kodama et al. 2001; Treu et al. 
2003). Recently, De Propris et al. (2004) and Balogh et al. 
(2004b) have shown that, while the fraction of red galaxies in 
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the nearby Universe increases with local density, the colour 
distribution and median EW[Ha] of the blue, star- forming 
galaxies is nearly independent of environment. A similar 
trend was observed in the Ha equivalent width (EW[Hq]) 
distribution (Balogli ct al. 2004a). A possible interpretation 
of these trends is that dense environments transform galax- 
ies from blue to red on a relatively short timescale, g 0.5 
Gyr. 

In a ACDM Universe, the growth of large scale struc- 
ture is a consequence of the hierarchical clustering process. It 
is therefore possible that this clustering process itself could 
drive the evolution of global star formation, as more galaxies 
arc drawn into dense environments whore their star forma- 
tion rates are somehow suppressed. The fraction of galax- 
ies located in galaxy clusters is only ~ 10% even at the 
present epoch and, thus, such environments alone can not 
have a large influence on the global star formation rate. 
However, perhaps over 50% of galaxies are today found in 
groups of various sizes (Eke et al. 2004) and thus these envi- 
ronments may play a more significant role. Although some 
proposed mechanisms for transforming galaxies in dense en- 
vironments, such as ram pressure stripping (Gunn & Gott 
1972; Quilis ct al. 2000) arc unlikely to bo effective in small 
groups, many other effects, such as strangulation (Larson 
et al. 1980; Balogh et al. 2000; Cole et al. 2000; Diaferio et al. 
2001), tidal interactions (Byrd & Valtonen 1990; Gnedin 

2003) , or galaxy mergers and interactions (eg Joseph & 
Wright 1985; Moore et al. 1996) may be more widespread. In 
particular, galaxy interactions are likely to be most common 
in groups, where the velocity dispersion of the groups is not 
much larger than that of the constituent galaxies (Barnes 
1985; Zabludoff & Mulchaey 1998; Hashimoto & Oemler 
2000). 

Studies of nearby groups (e.g. Zabludoff & Mulchaey 
1998) show that their galaxy populations vary from cluster- 
like (mostly early types) to field-like (mostly latc-typcs), 
suggesting that a nurturing process of galaxy evolution 
may well be taking place (e.g. Zabludoff & Mulchaey 2000; 
Hashimoto & Oemler 2000; Tran et al. 2001). However, 
galaxy groups are inevitably much more difficult to detect 
than clusters, with a relative paucity of members and signif- 
icantly lower density hot plasma. Therefore, in most cases 
the group selection criteria is either not well understood, 
or biased in some way. In particular, one successful method 
has been to search for the most overdense, compact groups 
(Hickson 1982; Sevcrgnini & Saracco 2001; Coziol et al. 

2004) ; however, such systems may be atypical of the average 
group environment. Today new opportunities are afforded by 
large, complete catalogues of nearby groups compiled from 
redshift surveys such as SDSS and the 2dF Galaxy Redshift 
Survey (e.g. Eke et al. 2004). 

One way to directly observe the influence of galaxy 
groups is to trace their redshift evolution. In rich clusters, 
a strong evolution in the fraction of blue galaxies, fbiuo, was 
detected by Butcher & Oemler (1984) and later by others 
(e.g. Margouiucr ct al. 2001; De Propris et al. 2003b), al- 
though even this result is still a matter of some debate (e.g. 
Andreon & Ettori 1999; Andreon et al. 2004). In AUington- 
Smitli ct al. (1993), a sample of groups were photometri- 
cally selected in the vicinity of bright radio galEixies at low 
(2 < 0.25) and intermediate (0.25 <z< 0.50) redshift. They 
tentatively conflrm an analogous evolution in the fraction of 



fbiue in larger groups. However, the statistical limitations of 
photometric data are significant, particularly through field 
contamination. In addition, the radio selection might bias 
the choice of groups. It is therefore important to repeat this 
study using a redshift-spaco selected sample of spcctroscopi- 
cally confirmed groups. Higher redshift catalogues of groups 
now exist (Cohen et al. 2000; Carlberg et al. 2001b) from 
which galaxy properties have been analysed. For example, 
Carlberg et al. (2001a) studied the properties of group galax- 
ies in the CN0C2 group sample at intermediate redshift. 
Amongst other things, they discovered a trend in the mean 
galaxy colors, which on average become redder than the field 
toward the group centers. In Wilman et al. (2004, hereafter 
Paper I), we present our deeper and more complete spec- 
troscopy in the region of the intermediate redshift CNOC2 
groups (Caxlberg et al. 2001b). Our data show that the prop- 
erties of galaxies in intermediate redshift groups are signif- 
icantly different from those of coeval field galaxies, in that 
group galaxies are significantly less likely to have ongoing 
star formation than their field counterparts, and groups also 
contain a significant excess of bright galaxies (Mj,j< —21). 
These results are discussed in detail in that paper. 

In this paper, we contrast the properties of our inter- 
mediate redshift group sample (Carlberg et al. 2001b, Pa- 
perl) with a large sample of galaxy groups at low redshift, 
selected from the 2dF Galaxy Redshift Survey (2dFGRS, 
Eke et al. 2004). This allows us to examine the evolution of 
galaxies in the group environment with purely spectroscopic 
data and over a significant range of redshift. In Section 2 we 
introduce our galaxy and group samples at intermediate red- 
shift (CNOC2 - see also Paperl) and locally (2dFGRS). We 
then go on to ensure a fair comparison between these two 
populations and the surrounding field by examining the lu- 
minosity functions and EW[OII] distributions. In Section 3, 
we present our results, in which we assess the environmen- 
tal and evolutionary dependencies of EW[OII] as well as the 
dependence on other parameters such as galaxy luminosity. 
We then discuss the scientific implications in Section 4, and 
present simple models for the stax formation history of these 
galaxy populations to constrain theories of galaxy evolution. 
Section 5 presents our final conclusions. 

Throughout this paper we assume a ACDM cosmology 
of Qm = 0.3, Oa = 0.7 and Ho = 75kms"^Mpc"^ 



2 DATA 

2.1 CNOC2: The Intermediate Redshift Sample 

A complete description of the data and reduction methods 
can be found in Paper I. In summary, the intermediate red- 
shift group sample is selected from the CNOC2 redshift sur- 
vey in the range 0-1 < z < 0.55 (Carlberg et al. 2001b; 
Yce et al. 2000). We obtained deeper, more complete multi- 
object-spectroscopy in the regions of 26 of these groups (in 
20 fields) at 0.3 < z < 0.55 using LDSS2 on the 6.5m Baade 
telescope at Las Companas Observatory in Chile. The fields 
were chosen to maximize the number of groups in the Carl- 
berg et al. (2001b) sample along the line of sight, within this 
redshift range. Redshifts were measured for 74% of galaxies 
targetted with Rc< 22 (with ~ 60% success rate in the 
faintest bin 21.5 <Rc< 22) and galaxies have been reas- 
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signed to groups with a new determination of the group ve- 
locity dispersion. The galaxies have each been weighted by 
a factor Wc to account for radial and magnitude-dependent 
selection functions (see Paper I). 

The CN0C2 field galaxy sample is defined to include 
all galaxies within 240" of a targetted group centre, lying 
within the redshift range 0.3 < z < 0.55 but excluding those 
galaxies assigned to the targetted group to avoid biasing the 
field towards the group environment. The final magnitude- 
limited field sample is therefore representative of the Uni- 
verse in the 0.3 < z < 0.55 redshift range. 

The CN0C2 group sample contains 240 galaxies within 
Ift^^^Mpc of the group centre and the field sample contains 
334 galaxies. 



2dF field Schechter fn 




Figure 1. Luminosity functions of tlic group galaxies (a) and field 
galaxies (b) for 2dF and CNOC2. Field and Group CNOC2 data 
are each normalised to match the total number in the CNOC2 
sample for M^j < -20.25 



2.2 2dFGRS: The Local Sample 

The local redshift galaxy sample comes from the large 2dF- 
GRS with over 220 000 galax:y spectra selected in the bj- 
band. The galaxy sample is effectively volume limited (with 
low incompleteness the sample is representative of the whole 
population) in the redshift range 0.05 < z < 0.1 for galaxies 
with Mij< —18.85. Although there were problems with the 
atmospheric dispersion corrector prior to August 1999 which 
affect the instrument throughput (Lewis et al. 2002b), we 
find our results are unchanged if we exclude data obtained 
in this period. 

The 2dFGRS Percolation-Inferred Galaxy Group cata- 
logue (2PIGG Eke et al. 2004) is also based on a friends-of- 
friends percolation algorithm. An axial ratio (defined as the 
line-of-sight length relative to the projected spatial length) 
of ~ 11 is used to link 2dFGRS galaxies together, form- 
ing a large catalogue of local groups. Velocity dispersions 
of the 2PIGG (and CN0C2) groups are calculated with the 
gapper algorithm. Full details of the 2PIGG group-finding 
algorithm and description of the catalogue can be found in 
Eke et al. (2004). We only investigate groups with number 
of known members > 10 because the contamination of 
that group catalogue with unphysical systems becomes large 
in smaller groups. We note that the CN0C2 group detection 
algorithm (Carlberg et al. 2001b) requires more bright mem- 
bers in close proximity to each other, and therefore likely 
suffers from less contamination. Even with the Nm > 10 
requirement for 2dFGRS groups, we find that the range of 
group velocity dispersion matches that seen in the CNOC2 
group sample. From now on we will refer to the 2dFGRS 
sample simply as the 2dF sample. 

The 2dF field is defined as all galaxies in the 2dF galaxy 
catalogue and represents the global galaxy population in the 
0.05 < 2 < 0.1 redshift range, within magnitude limits. Since 
these groups were untargetted, this definition is compatible 
with our CN0C2 field defirution. 

The 2dF group sample contains 5490 galaxies within 
1/iyg^Mpc of the group centre and the field sample contains 
50981 galaxies. 



2.3 The galaxy luminosity function in groups and 
the field 

2.3.1 K-corrected rest frame magnitudes 

Galaxies in both catalogues are k-corrected to give rest- 
frame absolute magnitudes in the 6j-band. The 2dF k- 
corrections are taken from Norberg et al. (2002), and are 
generally small. For the CNOC2 survey, k-corrections have 
been calculated using no-evolution models; we will explore 
the sensitivity of our results to the assumed model of galaxy 
evolution in the discussion (Section 4). We note that k-|-e 
corrections are also available for galaxies in the original 
CNOC2 sample (Shepherd et al. 2001). For each galaxy, we 
first choose a mixture of observed local SEDs (King & El- 
lis 1985) for which the model B-I colour matches the ob- 
served colour at the given redshift. Then the rest-frame ab- 
solute bj magnitude can be determined from the models, 
given the observed Rc magnitude, SED mixture and red- 
shift. The transformation from observed i?c-band magni- 
tude to rest-frame 6,j is chosen because it is closely matched 
at CNOC2 redshifts and because it directly transforms the 
CN0C2 spectroscopic selection band to the 2dF selection 
band. Luminosities are then corrected for galactic extinc- 
tion on a patch-to-patch basis, computed by extrapolating 
from B and V band extinction values obtained from NED 
(Schlegel et al. 1998, variation within each patch is negligi- 
ble). We make no correction for internal extinction, also to 
allow direct comparison with local galaxies in 2dF. 

2.3.2 Luminosity limits 

Figure 1 shows the superimposed luminosity functions of 
the 2dF and CN0C2 group and field samples. The volume- 
limited 2dF sample is > 90% complete for Mbj< —19 and 
so we apply no completeness correction. The Schechter func- 
tion computed for the 2dF survey (Norberg et al. 2002) is 
shown for comparison. The CNOC2 galaxies are weighted 
by Wc to correct for the selection function. For comparison 
between 2dF and CN0C2 group and field samples, the data 
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are normalised so that there is the same number of weighted 
galaxies brighter than Mbj= —20.25. At these magnitudes, 
neither sample suffers any incompleteness due to falling be- 
low the apparent magnitude limit in the redshift range con- 
sidered. Wo note that the enhanced bright to faint galaxy 
ratio seen in CNOC2 groups relative to the field (Paper I) 
is also seen in the local 2dF groups. 

Also shown in Figure 1 axe some critical values of lumi- 
nosity. The value of M* in Norberg et al. (2002), appropriate 
to our cosmological model, is ^ —20.28, and the 2dF data 
are complete down to —18.85, or equivalently ~ M* + 1.5. 
Our CN0C2 data span a wide range in redshift and thus the 
luminosity limit corresponding to our apparent magnitude 
limit of Rc=22 is redshift dependent. At the upper limit 
of our redshift range, z = 0.55, a Rc= 22 galaxy with a 
mean k-correction will transform to a rest-frame luminosity 
Mbj = —19.75 and at the lower redshift limit of z = 0.3, the 
same galaxy would transform to Mt-,— —17.93. In the case 
of the reddest galaxies with larger K-corrections, these lim- 
its would lie at Mbj= -20.07 {z = 0.55) and Mbj= -18.06 
{z = 0.3), so we are incomplete below these magnitudes. 

Most galaxies in our CN0C2 and 2dF catalogues lie be- 
low the brightest CNOC2 luminosity limit of M6,= -20.07. 
To enable us to compare the 2dF and CNOC2 galaxy sam- 
ples independently of differences in the luminosity function 
(which may be partly intrinsic but is mostly due to selec- 
tion effects), we choose to apply an additional luminosity 
weighting to the CNOC2 galaxies. This weighting is calcu- 
lated within each bin in luminosity using the formula: 

^^CNOC2 

Wlum=N^dF/ Wc (1) 

1=1 

which corresponds to the difference between the field lumi- 
nosity functions. It is applied in the range —20.25 <M(,j< 
— 18.5, where the CN0C2 data become incomplete at the 
high redshift end. The choice of a faint final luminosity limit 
of A/bj= —18.5 (^ M, + 1.75) makes maximal use of the data 
and allows the properties of faint galaxies to be compared 
with those of brighter galaxies. We emphasize that whilst 
we are incomplete at Mbj^ —19.75 at « = 0.55 in CNOC2 
and Mbjk, —18.85 in 2dFGRS, this has no impact on any 
analysis of galaxy properties as a function of luminosity or 
on comparisons between the group and field galgixy popula- 
tions. Also, when studying galaxy properties as a function 
of luminosity, the analysis is independent of the CN0C2 
galaxy weighting, including little effect from weighting by 
the selection function. 

2.4 Measurement of star formation using EW[OII] 

The Ha emission line disappears entirely from the LDSS2 
spectrograph window aX z > 0.21, limited by the instrument 
sensitivity of the current optics and detector. Thereforc,wc 
use the [OII]A3727 emission line equivalent width (EW[OII]) 
to study the relative levels of star formation in our galaxy 
samples. In Paper I we outlined the reasons why EW[OII] 
is sufficient to reveal trends of star formation with galaxy 
environment. In contrast to using the lino flux, the effect of 
normalising by the continuum when computing the equiv- 
alent width reduces uncertainties related to absorption by 
dust and aperture bias, which are relevant when compar- 



Groups 

2clF (0.05<=z<=0.1) 
CN0C2 (0.3< = z<=0.55) 




EW[OII] (A) 

Figure 2. Normalised distributions of EW[OII] of the group (a) 
and field (b) galaxies in 2dF (0.05 <z< 0.1) and CNOC2 (0.3 < 
2 < 0.55) samples where Mb-^< —18.5. The data is normalised to 
match the total number of galaxies in the CNOC2 analaysis. 

ing galaxy properties at different redshifts. In particular, we 
show in Section 2.4.3 that our analysis is insensitive to aper- 
ture bias in EW[OII]. 

24.1 Fair comparison of EWfOII] in 2dF and CN0C2 

Details of the CN0C2 equivalent width measurement pro- 
cess are given in Paper I. In 2dFGRS, the equivalent widths 
of [Oil] are measured in a similar way to Ha using a com- 
pletely automated fitting procedure, (sec Lewis et al. 2002a, 
for details). In the fitting of the [Oil] emission line, many 
2dF measurements are classified as no line present. In our 
analysis, these are set to oA and then all 2dF measurements 
are smoothed with a gaussian kernel of width 2A to match 
the mean error on CNOC2 EW[OII] measurements (rrmch 
greater than the 2dF line measurement error of -C lA). 
We note that the fraction of galaxies with EW[0II]>5A 
is unchanged by this smoothing to within < 1%. Figure 2 
shows the distribution of EW[OII] in our 2dF and CN0C2 
group and field galaxy catalogues. We limit the group data 
to within l/i^g^Mpc (projected) of the group centre in all 
cases. The CNOC2 galaxies are weighted by a combined 
completeness and luminosity weighting to match the 2dF lu- 
minosity function, Wtot = Wc x Wium- The CN0C2 galax- 
ies are limited to _Rc< 22 and all galaxies arc limited to 
Mbj< -18.5. Finally, the distribution of 2dF EW[OII] is 
normalised to provide an equal number of galaxies to that 
found in CN0C2, for presentation only. This is done inde- 
pendently for the group and field populations. 

2.4-2 Diagnostics of Star Formation for a Galaxy 
Population 

We are motivated by the findings of Strateva et al. (2001); 
Blanton et al. (2003); Baldry et al. (2004) and Balogh et al. 
(2004a) who show that galaxy populations have a bimodal 
distribution in colour and EW[Ha]. Balogh et al. (2004a,b) 
show that the firaction of red, passive galaxies is strongly 
dependent upon local galaxy density. The division between 
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passive and star forming galaxies in the EW[Ha] distribu- 
tion occurs at ~ 4A (Balogh et al. 2004a). We do not expect 
to see such a clear bimodality in EW[OII] since EW[Ha] 
= 4A typically corresponds to EW[OII] < 2A, below the 
rncasurornont error in EW[OII] for CN0C2. Greater intrin- 
sic scatter in the SFR-[OII] relation than in the SFR-Ha 
relation also works to mask the division between the two 
populations. Thus, although we cannot cleanly separate the 
two populations, we impose an arbitrary division at SA in 
the CN0C2 and smoothed 2dF data. Wo expect the pop- 
ulation with EW[OII]<5A to be dominated by the passive 
population^ and the population with EW[0II]>5A to be 
dominated by the star-forming population, and this division 
is sufficient to reveal trends in the data (sec e.g. Hammer 
et al. 1997; Zabludoff & Mulchaey 2000). 

To assess the relative normalisation of the two popula- 
tions, we define fp as the fraction of passive galaxies. The 
level of [Oil] omission in the star forming galaxies is char- 
acterised by <EW[OII] |SF>, which represents the median 
EW[OII] restricted to star-forming galaxies. 

We note that it will also be interesting to derive the frac- 
tion of blue galaxies using CN0C2 colours, for a more direct 
comparison with classical studies of the Butchor-Oomlcr ef- 
fect. However, this analysis is not straightforward, because 
of the complex dependence of CN0C2 colour apertures on 
galaxy size, galaxy type and redshift; the meagerness of the 
group red sequence and the difficulties in making a direct 
comparison with 2dFGRS. Many of these problems can be 
overcome by computing the fraction of gala^xies in each peak 
of a bimodal colour distribution. This analysis will be pre- 
sented in a future paper, currently in preparation. 



2.4-3 Aperture bias 

Systematic effects on the measurements of EW[OII] can bo 
induced by the relative aperture sizes used in the 2dFGRS 
and CNOC2 spectroscopy. In particular, the 2dF fibres gen- 
erally sample light from a smaller physical radius than the 
CN0C2 slits, and this might lead to an overestimate of fp 
by excluding the star forming regions in face-on disk galax- 
ies. In Appendix A, we use SDSS resolved photometry to 
estimate the effects of aperture bias across our magnitude 
range. We find that the fraction of galaxies found in the red 
peak of the bimodal colour distribution is no greater when 
considering colours measured inside 3" SDSS fibres, rather 
than the total colour. This is because both red and blue 
galaxies have similar colour gradients, likely due to metal- 
licity rather than star formation. Thus we conclude that the 
effects of aperture bias do not strongly affect our measure- 
ments of fp. 



^ We note that the shape of the negative side of the oA peak 
in the EW[OII] distribution from the full CNOC2 survey is con- 
sistent with a gaussian function, supporting the hypothesis that 
this peak is dominated by galaxies with no [Oil] emission and 
normally distributed errors (Whitaker et al. 2004). 
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Figure 3. The fraction of galaxies with EW[OII]<5A (the passive 
population), fp, in 2dF and CNOC2 groups (within 1 projected 
Mpc of group centre) and field, as a function of Mj,^ . The 2dF 
points are slightly offset in M(,jfor clarity. 

3 RESULTS 

3.1 Evolutionary and Environmental 
Dependencies of EW[OII] 

A comparison of the 2dF and CN0C2 EW[OII] distributions 
in Figure 2 shows that the fraction of galaxies in the oA peak 
depends on both epoch and environment. In particular, the 
OA peak in the 2dF data is much more prominent than in the 
CN0C2 survey, for both field and groups. At both epochs, 
however, the group galaxy population is more biased towards 
the oA peak than the corresponding field population. We 
now explore these trends in more detail. 

3.1.1 The dependence of on redshift, environment and 

luminosity 

In Figure 3, the fraction of passive galaxies, fp is plotted 
against rest-frame Mj,j luminosity. Statistical errors are es- 
timated using a Jackknife resampling method (Efron 1982). 
We can see that: 

• In all samples, fp is a strong function of luminosity 
with fainter galaxies far more likely to be star forming than 
brighter galaxies at equivalent redshifts. This is consistent 
with many previous results, e.g. Kauffmann et al. (2003). 

• fp is significantly greater in the galaxy groups than in 
the field at both low and intermediate redshift and also right 
across the luminosity range investigated. 

• fp is strongly redshift dependent, both in the field and 
in galaxy groups. At brighter magnitudes than M;,j= —18.5 
(~ M, -I- 1.75 in 2dF), fp in groups evolves from ~ 42% at 
0.3 < z < 0.55 in CN0C2 to ~ 71% at 0.05 < z < 0.1 in 
2dF. In our field samples (defined to represent the global 
population), fp evolves from ~ 25% to ~ 47% over the same 
redshift interval. The observed field evolution is consistent 
with the equivalent strong evolution in the fraction of pas- 
sive galEixies in the Canada-France Redshift Survey (Ham- 
mer et al. 1997) and the global decline in star formation rate 
since z ~ 1 (e.g. Madau et al. 1998). We refer to Whitaker 
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Figure 4. Cumulative distributions of EW[OII] in star forming 
galaxies in the field and group galaxies of 2dF (0.05 < ^ < 0.1) 
and CNOC2 (0.3 < z < 0.55) samples. The arrows indicate the 
mean values of EW[OII] for star forming galaxies in each sample. 
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Figure 6. The fraction of galaxies with EW[0II]<5A (the passive 
population) (fp) in 2dF and CNOC2 groups, as a function of 
physical radius. The field level is overplotted and only galaxies 
where M(,j< —18.5 are considered. 
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Figure 5. The median EW[OII] (A) of star-forming galaxies, 
<EW[OII]|SF>, in the 2dF and CNOC2 galaxies in the groups 
(within 1 projected Mpc of group centre) and field, as a function 
of M(,j . The 2dF points are slightly offset in Mj,^ for clarity. 



analysis of the EW[Hq] distribution (Balogh et al. 2004a). 
In the CN0C2 sample, the distribution shows a small en- 
hancement in highly star forming galaxies (EW[OII] ^ 30A) 
relative to the 2dF galaxies in both groups and the field. 
The mean values of EW[OII] for each sample are indicated 
by the arrows in Figure 4. These values of 26. 4A (groups) 
and 31.3A (field) in CN0C2 are within 20 per cent of the 
mean values in the 2dF (20. 9A in groups and 25. SA in the 
field) in 2dF. This difFercncc is much smaller than the evo- 
lution in fp, which is almost a factor of two. Therefore, the 
evolution of the total star formation rate is driven more by 
the evolution of fp than by evolution of the mean properties 
of star forming galaxies. 

In Figure 5 we show the median EW[OII] among star- 
forming galaxies, <EW[OII]|SF>, as a function of luminosity 
in the CN0C2 and 2dF group and field samples. Errors are 
again computed using a Jackknifc resampling method. The 
median EW[OII] is significantly larger for fainter galaxies 
than for bright galaxies. Furthermore, the evolution in the 
EW[OII] distribution is largely manifested as an increase in 
<EW[OII]|SF> in galaxies with M^^Z -21.5. 



et al., 2004, in preparation, for a more detailed and thor- 
ough discussion of the evolution of star formation rate in the 
global CN0C2 population. This provides a clear analogy at 
lower densities to the observed evolution of the blue galaxy 
fraction in clusters (Butcher & Oemler 1984) and to similar 
evolution in rich groups, estimated by AUington-Smith et al. 
(1993) using photometric data. 

3.1.2 The properties of the star forming population 

Figure 4 shows the cumulative distribution of EW[OII], for 
star forming galaxies only, in the 2dF and CN0C2 group 
and field samples. Interestingly, the shape of the distribu- 
tion at a particular epoch (i.e. 2dF or CN0C2) is approxi- 
mately independent of environment, consistent with earlier 



3.1.3 Dependence of f^ in groups upon group-centric 
radius and velocity dispersion 

In Figure 6 we plot fp as a function of the projected physical 
distance, dr, from the group centre. It is clear that even in 
the better sampled 2dF groups, the total fraction of passive 
galaxies, fp merely declines from ^ 0.76 in the innermost 
0.125 /i75^ Mpc bin to ~ 0.65 in the 0.5 /i^^ Mpc< S{r) < 
1 h'^^ Mpc bin. This is a weak, but statistically significant 
trend. The value of fp for the total 2dF field population is 
r^ 0.47, much lower than in the groups. Similarly, in the 
CN0C2 field, fp = 0.25 is much smaller than that in the 
combined group population where fp = 0.42. We only see 
a trend with dr in the inner regions of the CN0C2 group 
population, as shown in Paper I. However, a trend as weak 
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Figure 7. Fraction of galaxies with EW[0II]<5A (passive galax- 
ies) (fp) in 2dF and CNOC2 groups, as a function of group line 
of sigiit velocity dispersion. The points represent 2dF groups and 
the triangles represent CNOC2 groups. 



as that seen in 2dF group galaxies would be masked by the 
statistical errors. 

Wc have also investigated how the star formation prop- 
erties of galaxy groups^ depend upon the group velocity dis- 
persion, a(v)intr- In Paper I we found that there is little de- 
pendence of fp on a{v)intr when computed over a wide range 
of galaxy luminosity. Figure 7 shows fp in CN0C2 and 2dF 
groups as a function of a{v)intr- There are no clear trends 
visible in Figure 7 other than the evolution from lower fp in 
CN0C2 groups to that seen in 2dF groups. It is also notice- 
able that there are very few 2dF groups with high velocity 
dispersion (> 400km s~^) and low fp (< 0.4), which is a 
common regime for CN0C2 groups. We note that the en- 
hancement of fp in CNOC2 groups over the CN0C2 field 
holds when we exclude the 2 groups with velocity disper- 
sion > 600km s~^ (for more details see Paper I). The only 
CNOC2 group with fp > 0.7 (group 138) is characterized by 
a high number of confirmed members (35 compared to 19 in 
the group with the next highest a{v)intr) and might better 
be considered a poor cluster (see e.g. Nakata et al. 2004, for 
the behaviour of fp in clusters) . 



4 DISCUSSION 
4.1 Implications 

We have detected a strong evolution in the fraction of pas- 
sive galcixies, fp (defined as the fraction of galaxies with 
EW[OII]< 5A), in both groups and the field since the Uni- 
verse was ~ 1/3 its current age. Thus, the Butcher-Oemler 
effect (e.g. Butcher & Oemler 1984; Margoniner et al. 2001; 
De Propris et al. 2003b) is not strictly a cluster phenomenon, 

We note that whilst fp in CNOC2 groups is computed with each 
galaxy weighted by its combined completeness and luminosity 
weighting Wtot (strictly only applicable when the full stacked 
group is considered) we find that fp is insensitive to this weighting 
and very close to the value obtained with no weighting applied. 



but is seen both in the general field and in small groups, as 
previously found by AUington- Smith et al. (1993). These re- 
sults represent clear evidence that a significant proportion 
of galaxies in both environments have ceased forming stars 
since z ~ 0.5. A simple argument, neglecting density and lu- 
minosity evolution, sees 50% of star forming group galaxies 
and 35% of star forming field galaxies at « ~ 0.4 (CN0C2) 
becoming passive galaxies by 2: ~ 0.1 (2dF). This evolution 
is modelled in more detail in Section 4.2. 

In contrast, while we find significant redshift evolution 
in the shape of the EW[OII] distribution for star-forming 
galaxies, there is little or no dependence on environment. 
This suggests that this evolution results from very local (i.e. 
internal to the galaxy) processes that drive an evolution 
in SFR or metallicity, rather than external, environmental 
infiuences. We caution however that amongst star-forming 
galaxies, it is not possible with current data to rule out an 
aperture bias in the measurement of EW[011], which might 
lead to underestimation of EW[011] in 2dFGRS star forming 
galaxies. 

In the following sections, we make a first attempt to 
quantitatively decouple the environmental dependence of 
galaxy evolution from the global SFR evolution. To fully 
understand this, we require a homogeneous sample over a 
large range of environments. We are currently working on 
providing a fair comparison study in cluster cores (Nakata 
et al. 2004) using spectroscopic data over an equivalent red- 
shift range. Understanding the importance of galaxy evo- 
lution in groups with respect to cluster cores will help to 
isolate the environments in which galaxy evolution is most 
active. Complementary studies of the evolution in isolated 
galaxies would be of especially great benefit to understand 
the role of environment in driving galaxy evolution, and in 
particular, the evolution of fp. 

4.2 Modelling and Interpretation 

In this Section, we show how the strong evolution in fp seen 
in our results can be interpreted in the context of galaxy evo- 
lution models. By combining the Bruzual & Chariot (2003) 
models of luminosity evolution with a range of star forma- 
tion histories, we attempt to recreate a realistic evolution 
scenario which can reproduce the observed evolution. 

We assume that CNOC2 galaxies represent a popula- 
tion equivalent to the progenitors of the 2dF population; 
therefore, using the stellar population models of Bruzual & 
Chariot (2003) it is possible to create mock-2dF populations 
by evolving the CNOC2 galaxies to the mean redshift of 2dF 
galaxies {z2dF = 0.08) in accordance with a chosen set of 
model parameters. We present two model methods with dif- 
ferent evolutionary scenarios but similar basic methodology. 
Both models allow us to estimate the evolution of EW[OII] 
and M(,j within a given set of parameters. The quiescent evo- 
lution scenario is characterized by the lack of environmental 
evolution. There are no sudden events which drastically al- 
ter a galaxy's star formation. Bright star-forming galaxies 
simply decline exponentially in their star formation with a 
constant e-folding timescale and thus fade in luminosity. In 
the truncation scenario, we incorporate into our evolution 
model a probability of each galgixy undergoing a truncation 
event, in which it suddenly ceases star formation. In this 
model, there is also a probability that a high redshift field 
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Figure 8. The fraction of passive galaxies, fp, in the 2dF (solid 
line) and CNOC2 group (within 1 projected h-T-^Mpc of group 
centre) and field galaxy populations, as a function of Mi,j. The 
CNOC2 galaxies are shown as observed (dotted- line), and evolved 
to Z2dF using a quiescent model with a Kcnnicutt IMF, 2form = 
10, solar mctallicity and dust extinction (dashed-line) . The 2dF 
points are slightly negatively offset, and the CNOC2 data points 
slightly positively offset in M(,jfor clarity. 
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Figure 9. Similar to Figure 8, but assuming an extreme quies- 
cent evolution model for the CNOC2 population, with a Salpeter 

IMF, 2torm= 3, solar mctallicity and no dust extinction (dashed- 
line). This represents the maximum evolution expected from any 
realistic quiescent model. The 2dF points are slightly negatively 
ofl'set, and the CNOC2 data points slightly positively offset in 
M(,jfor clarity. 



galeixy can infall onto a gala^xy group to become a local group 
galaxy. 



4.2.1 The Quiescent Evolution Scenario 

Quiescent evolution describes the evolution of galaxies in 
which every galaxy's star formation declines over its lifetime 
with a single e-folding timescale. The modelling procedure 
for quiescent evolution is described in Appendix Bl, which 
also describes the effects of allowing each parameter to vary. 
To investigate the effects of quiescent evolution on fp, we 
choose a control model and an extreme model. For our con- 
trol model we choose a Kennicutt IMF, a galaxy formation 
rcdshift 2:form= 10 and solar metallicity. Wc also incorporate 
a two-component dust prescription into the model (Granato 
et al. 2000). Figure 8 shows fp as a function of luminosity 
in the observed CN0C2 and 2dF samples, together with the 
equivalent trend in the evolved CN0C2 population obtained 
using this model. The evolution of fp in the model signifi- 
cantly underestimates the trend seen in the real data. This 
is partly because galaxies which become passive also tend 
to fade into a fainter bin of luminosity, leaving the trend 
of fp with luminosity approximately unchanged. For our ex- 
treme model, we deliberately choose parameters which max- 
imize the evolution in fp, as discussed in Appendix Bl. We 
choose a Salpeter IMF, «form= 3, solar metallicity and we 
ignore the effects of dust. Figure 9 shows the same 2dF and 
CN0C2 data as in Figure 8 but this time ovcrplotted with 
the evolved CN0C2 population obtained using this extreme 
model. In this case, galaxies fainter than ~ M, — 0.5 still 
show a significant deficit of passive galaxies (low fp) in the 
evolved CNOC2 galaxies when compared to the data. This 
provides strong evidence that transformations are required 
to reproduce the observed evolution in fp both in groups and 
the global (field) population. 



4.2.2 The Truncation Scenario 

Next we consider a model in which galaxies undergo trans- 
formations that cause them to cease forming stars. We have 
shown in Section 4.2.1 that some form of galaxy transfor- 
mation appears to be required to reproduce our observed 
evolution in fp. Here, we constrain the probability of these 
transformations required to match the observed evolution in 
fp and its dependence upon galaxy luminosity and environ- 
ment. The modelling procedure is described in Appendix B2. 
In this scenario, a CN0C2 galaxy cither continues with its 
e-folding decline in star formation, or has its star formation 
truncated instantaneously with a probability Ptrunc per Gyr, 
at a random point during its evolution to Z2dF = 0.08. The 
timescale of the transformation is likely to have little effect 
on the evolution of fp. Wc neglect the possibility that some 
transformations are accompanied with a strong starburst or 
involve the merging of galaxies as either of these possibilities 
cannot be constrained by simply considering the evolution 
in fp. In a later paper we will consider our data in the con- 
text of a more complete galaxy formation model (e.g. Cole 
et al. 2000). 

We adopt a realistic set of parameters governing 
the spectrophotomctric evolution, with a Kennicutt IMF, 
aform= 10, solar mctallicity and a basic dust prescription 
(Granato et al. 2000). The progenitors of 2dF group galax- 
ies are chosen by selecting all CN0C2 group galaxies plus 
a fraction of the CNOC2 field galaxies such that the com- 
bined set is made up of ^gr% CN0C2 group members and 
(1 — Cgr)% CNOC2 field galaxies. As our field represents the 
global population, the progenitors of 2dF field galaxies are 
simply the CNOC2 field galaxies. Following the model pre- 
scription, we obtain best fit values for Ptrunc as a function 
of local luminosity and environment to fit the observed evo- 
lution in fp. Figures 10 and 11 show Ptrunc as a function 
of luminosity in groups and the field with ^^j. = 100% (lo- 
cal group members were all group members at zcNom) and 
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Figure 10. The probability (per Gyr) that star formation has 
been truncated (Ptrunc) as a function of Mjj as determined 
by modelling the evolution of fp between the CNOC2 (0.3 < 
ZCNOC2 < 0.55) and 2dF (0.05 < Z2dF < 0.1) samples. The 
crosses represent the group galaxies and the diamonds repre- 
sent the field population which has been artificially offset by 
0.05mag for clarity. Here, there is assumed to be no density evo- 
lution, i.e. all group galaxies were already in groups by zcnoC2 
(5gj = 100%). The vertical line represents the location of a M* 
galaxy in 2dF as determined from the luminosity function of Nor- 
berg et al. (2002). 
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Figure 11. As Figure 10, but assuming local 2dF groups com- 
prise 50% CNOC2 group galaxies and 50% CNOC2 field galaxies 
(«g, = 50%). 



— 50% (local group members were 50% group members 
and 50% field galaxies at zcnoc2) respectively. We note that 
adopting a Salpeter IMF does not significantly alter these 
results. 

Figures 10 and 11 show the following: 

(i) Ptrunc is significantly greater than zero, implying that 
galaxy transformations arc required over our rcdsliift range, 
both in groups and the field. This is independent of the 
assumed evolution of clustering power and agrees with our 
conclusions in Section 4.2.1. 



(ii) Assuming no density evolution since z ~ 0.45, = 
100%, (Figure 10), we see no evidence that Ptrunc is larger 
in groups than in the field. This means that there must be 
some global mechanism in which star formation can be ef- 
fectively reduced to zero over a short period of time rather 
than simply declining in a quiescent manner as assumed in 
Section 4.2.1. However the existence of a more evolved popu- 
lation (higher fp) in groups suggests that the stax formation 
history prior to a ~ 0.45 must depend upon environment 
in some way. This could be cither a nurturing environmen- 
tal process at 2; > 0.45, or an earlier formation time for 
galaxies in groups (nature). We emphasize that our model 
is designed to simply match the observed evolution of fp. 
It cannot simultaneously match evolution of the luminos- 
ity function, which requires a better understanding of the 
volume-averaged galaxy density. We are also constrained by 
our definition of "field" which spans the full range of envi- 
ronment. 

(iii) If we assume a strong density evolution with only 
50% of local group galaxies in groups at 2; ~ 0.45, ^g^ = 50%, 
(Figure 11), then a marginally larger Ptrunc is invoked in 
groups than in the no density evolution ( ^g^ — 100%) case, 
although not significantly so. Even at faint luminosities the 
differences between Ptrunc in groups and the field is still of 
low significance (< 2cr in the —19.5 <M(,j< —18.5 bin). 
Physically, an enhanced Ptrunc with greater density evolu- 
tion is consistent with a second transformation process oc- 
curing during clustering as a galaxy is infalling into a larger 
dark matter halo. A strong density evolution with a Ptrunc 
which remains constant with redshift could theoretically ex- 
plain the larger value of fp in groups than in the field. How- 
ever, realisations of dark matter halo merger trees suggest 
that the actual fraction of 2dF group galaxies in groups by 
z = 0.45 was ~ 80% (Cg^ = 80%) (Lacey & Cole 1993). 

(iv) There are no clear trends of Ptrunc with galaxy lu- 
minosity in groups. In the field there is a suggestion (~ 
2cr significance) that Ptmnc decreases in the faintest bin 
(-19.5 <Mbj< -18.5). 

We acknowledge that our model is simple, and neglects 
the mass and luminosity enhancing effects of galaxy-galaxy 
mergers. 2dFGRS studies of the local luminosity function, 
and its dependence upon environment and galaxy spectral 
type, suggest that galaxies with early spectral-types become 
more important in higher density regimes, particularly at 
low luminosities (Dc Propris ct al. 2003a; Croton et al. 2004). 
De Propris et al. (2003a) show that a simple model (similar 
to ours) , in which star formation can be suppressed in clus- 
ters, can explain most of the differences between the cluster 
and field luminosity functions. They claim that mergers are 
only required to explain the small population of very bright 
early type cluster galaxies. 

The precise importance of galaxy mergers remains to 
be seen. There is significant evolution since 2: ~ 1 of the lu- 
minosity function of red galaxies in the COMBO-17 survey, 
and Bell et al. (2004) conclude that mergers are required 
to explain at least some of this evolution. In clusters, com- 
parisons of the K-band luminosity function over a similar 
redshift range suggest there is little evolution in the stellar 
mass of cluster galaxies (De Propris et al. 1999; Kodama 
& Bower 2003). However, mergers are expected to be more 
common in groups than in clusters (e.g. Barnes 1985). In a 
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future paper, we will investigate the importance of mergers 
in groups, using existing data on CNOC2 and 2dF groups to 
map the evolution of the group K-band luminosity function. 

In a separate paper we will also make comparisons of 
the data with results from semi-analytic models of galaxy 
formation. Observational constraints on the bimodality of 
galaxy properties, and the dependence on galaxy luminosity, 
environment and redshift will place strong limitations on the 
physical processes regulating star formation in these models. 



5 CONCLUSIONS 

In this paper, wc have examined the evolution of galaxies 
and the effects of the group environment in kinematically 
selected groups from the CNOC2 (Carlberg et al. 2001b, 
supplemented with new and deeper Magellan spectroscopy) 
and 2dFGRS (Eke et al. 2004) surveys. The data span the 
redshift range 0.05 < z < 0.55 and luminosities down to 
Mbj< -18.5 (locally ~ M, + 1.75). Motivated by the ap- 
parently fundamental differences between the blue, star- 
forming and the red, passive populations of galaxies (Balogh 
et al. 2004a; Blanton et al. 2003) we have arbitrarily divided 
our galaxies into passive (EW[OII]< 5A) and star-forming 
(EW[OII]> 5A) populations. We have then shown that the 
fraction of passive galaxies fp is a strong function of: 

• redshift: fp declines strongly with redshift, both in 

groups and the field and over the full luminosity range to at 
least z ~ 0.45. This is equivalent to a Butclier-Oemler trend 
in the emission line properties of group galaxies and in the 
global population. 

• environment: fp is significantly higher in groups than 
the field across the full luminosity range, both locally and 
at « - 0.45. 

• luminosity: fp increases steeply with luminosity across 
our range {Mt,j g —18.5) in groups and the field up to at least 
z ~ 0.45. 

Using the stellar population models of Bruzual & Char- 
lot (2003), we have shown that the rate of evolution in fp 
since z ~ 0.45 cannot be explained in a quiescent evolu- 
tion scenario, i.e. by modelling galaxies with a simple e- 
folding decline in their SFR. Even choosing model parame- 
ters geared to maximize this evolution cannot reproduce the 
observed difference between 2dF and CN0C2 galaxies in fp, 
especially fainter than M, — 0.5. This conclusion holds both 
in groups and the field. 

We are therefore driven to assuming that transforming 
events take place, in which star formation is abruptly trun- 
cated, and have constrained the probability of truncation 
per Gyr (Ptrunc) in groups and the field across the lumi- 
nosity range —21.5 <Mhj < —18.5. Although we have not 
constrained the timescale of these events (simply assuming 
them to be instantaneous), we show that their existence is 
strongly required by the data (Ptrunc ^ 0). Surprisingly, we 
find no strong evidence that Ptrunc in the group environment 
exceeds that in the field. The environmental dependence of 
fp requires that star formation history prior to z ~ 0.45 
must depend upon environment in some way. One possibil- 
ity is that as clustering of galaxies progresses an additional 
suppression mechanism acts upon star forming galaxies as 



they fall into groups (nurture). However, it is also possi- 
ble to imagine a nature scenario in which more strongly 
clustered galaxies form first and all galaxies undergo trans- 
forming events, independently of their environment. A bet- 
ter understanding of the environmental influence on galaxy 
properties will be made possible by comparisons with semi- 
analytic models, galaxies in other environments (e.g. Nakata 
et al. 2004) and higher redshift galaxy systems. 
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APPENDIX A: APERTURE EFFECTS: 

The 2dF galaxies arc observed spectroscopically through 
2.1" diameter fibres at low redshift, corresponding to be- 
tween ~ 1.9kpc {z = 0.05) and 3.6kpc {z = 0.1). The 
CN0C2 galaxies are observed through 1.3" (CNOC2) and 
1.47" (LDSS2) slits at much higher redshift corresponding 
to between ~ 5.5kpc and 8.8kpc. Therefore, significantly 
more flux will be lost from a large galaxy in the low redshift 
2dF sample than would be lost in its CN0C2 counterpart. 
The use of emission line equivalent widths rather than fluxes 
reduces serious aperture effects by normalising to the con- 
tinuum level. However, a remaining worry is the existence 
of any bias towards sampling primarily bulge light in the 
smaller apertures. Baldry et al. (2002) show that measure- 
ments of EW[OII] in 2dFGRS are relatively insensitive to 
aperture size in repeat obsorvatious with significant differ- 
ences in seeing (differing by a factor of > 2). There is also 
no significant variation in the distribution of EW[OH] over 
the redshift range 0.05 < z < 0.1 over which we sample 
little evolution but a factor of 2 in aperture diameter. How- 
ever, the variation in aperture size considered in this paper 
is somewhat larger and so we have looked for clues in the 
SDSS for which resolved, digital photometry exists. 

Differences in selection method between SDSS and 2dF- 
GRS are not important when considering the aperture cor- 
rections to galaxies in the same redshift range (0.05 < z < 
0.1). Brinchmann et al. (2004) estimate aperture bias mea- 
surements of SFR per unit luminosity (SFR/L) by con- 
structing a likelihood distribution to determine the proba- 
bility of a given SFR/L for a given set of colours ((g-r),(r-i)) 
based on the photometry within the fibre aperture. They 
then apply this likelihood distribution to the galaxy popu- 
lation given the total galaxy colours. The main assumption 
present in this technique is that the distribution of SFR/L 
for a given colour is similar inside and outside the fibre. How- 
ever, we know that colour gradients can also be driven by 
metallicity (Hinkley & Im 2001; Mehlert et al. 2003; Tamura 
& Ohta 2003). Therefore it is important that wc understand 
the origin of the colour gradients in the SDSS galaxy pop- 
ulation before interpreting the level of aperture bias in our 
data. 

We approximate the total galaxy colour of SDSS galax- 
ies using their Petrosian magnitudes. The fibre magnitudes 
measure the flux within a SDSS spectroscopic fibre of diam- 
eter 3". We estimate the colour of galaxies outside the fibre 
to be the Petrosian flux minus the flbre flux. More details 
on the SDSS magnitude system can be found in Stoughton 
et al. (2002). Whilst these fibres are larger than the 2dF fi- 
bres, the poor seeing of 2dFGRS observations (a median see- 
ing of about 1.5") means that the 2dF fibres sample galaxy 
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Figure Al. (u-g) colour distribution of SDSS galaxies inside 
(left) and outside (right) the fibre for bright (-22 <Mb,< -21.5) 
galaxies (top), intermediate brightness (—21 <Af[,j< —20.5) and 
faint ( — 19 <Mi,-^<. —18.5) galaxies (below). Each colour distri- 
bution is fitted by a double gaussian representing the bimodal 
populations of galaxies (thick line). 



light from a similar radius. Wo find that many SDSS galax- 
ies with 0.05 < 2 < 0.1 do show significantly bluer colours 
outside of the fibre than inside (see Figure Al). 

We interpret the colours of galaxies in terms of the 
bimodal distribution of red passive galaxies and blue star 
forming galaxies (as soon by Balogh et al. 2004a; Blanton 
et al. 2003; Baldry et al. 2004). Baldry et al. (2004) find that 
the colour distribution of the SDSS galaxy population is well 
represented by a double gaussian model and so we choose 
a similar method to fit the colour distribution of galaxies 
both inside and outside the fibre. To make direct compar- 
isons with our 2dFGRS galaxy samples CEisier, we estimate 
the rest frame Petrosian Bj band absolute magnitude of all 
SDSS galaxies in the range 0.05 < z < 0.1 using the transfor- 
mation h,j = (; + 0.15 + 0.13((7 — r) where g and r have been k- 
corrcctcd (Norberg et al. 2002). The double gaussian model 
is fit to the gala^xy population using a gradient-expansion 
algorithm to compute a non- linear least squares fit. Fits to 
3 of these bins of luminosity, spanning the full significant 
luminosity range can be seen in Figure Al. The wider peaks 
seen outside the fibre can be attributed to the measurement 
errors on the galaxy magnitudes. These errors are roughly 
twice as large in computed magnitudes outside the fibre than 
in fibre magnitudes. Fainter than A4bj= —20, the median 
measurement error of ^ 0.15mag outside the fibre (and up 
to ~ 0.5mag in some galaxies) smoothes out the double gaus- 
sian distribution, as can be seen in the bottom-right panel 
of Figure Al. The double gaussian fit to the colour distribu- 
tion is then poorly constrained. Therefore, we only consider 
the galaxy population brighter than Mj,j= —20 in this anal- 
ysis (aperture efi'ects should be less important for the less 
luminous galaxies, anyway). 

Figures A2 and A3 respectively, show the variation 
with luminosity, inside and outside the fibre, of the fraction 
of galaxies located inside the red peak (fred), and the mean 
(u-g) colour of the red peak (fXred) and blue peak (fXhiue)- 
In particular, Figure A2 shows that the fraction of galaxies 
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Figure A2. The fraction of galaxies located in the red peak of 
the bimodal distribution (fred) as ^ function of luminosity, both 
inside and outside the fibre. The crosses represents the fibre colour 
distribution and the diamonds the colour distribution outside the 
fibre. 
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Figure A3. The central position (mean) of the red peak (a, 

Mred) a-nd the blue peak (b, fJ.t,iue) of the bimodal distribution as 
a function of luminosity, both inside and outside the fibre. The 
crosses represents the fibre colour distribution and the diamonds 
the colour distribution outside the fibre. 



located in the red peak f^od outside the fibre is consistent 
with fred inside the fibre. This indicates that no aperture 
corrections arc necessary to account for the fraction of red, 
passive galaxies in the sample. 

Figure A3 shows a bluewards shift of Hred as we move to 
fainter magnitudes both inside and outside the fibre. How- 
ever, a radial colour gradient exists at all luminosities, such 
that fj,red is ~ 0.1 — 0.15 magnitudes bluer in the outer re- 
gions. A comparable colour gradient is seen in the blue peat 
(the blue population of galaxies). The similarity of the colour 
gradient in both the blue galaxies and in the red, passive 
galaxies (in which no star formation is expected) suggests 
that it may arise from a metallicity gradient rather than 
an age gradient, and explains why we observe no trend in 
fred with aperture. This interpretation is supported by the 
observations of metallicity gradients (and the lack of age 
gradients) in early- type galaxies (e.g Hinkley & Im 2001; 
Mehlert et al. 2003; Tamura & Ohta 2003; Wu et al. 2004). 
The colour differences we observe inside and outside the fi- 
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bre are S{u — ~ 0.15, consistent with the average (u-g) 
colour gradient of 0.18 found in 36 early type SDSS galaxies 
analysed by Wu et al. (2004). 

APPENDIX B: SIMPLE MODELS OF GALAXY 
EVOLUTION 

Bl The Quiescent Evolution Scenario 

A quiescent evolution scenario is characterized by the lack of 
sudden events which drastically alter a galaxy's star forma- 
tion. In this scenario, the star formation rate (SFR) in any 
galaxy declines with an e-folding timescale, r. This timescale 
is short in the case of massive carly-typc galaxies, and much 
longer in the case of later types. The environmental depen- 
dence of star formation can then be invoked using a nature- 
origin scenario in which more early-type galaxies form in 
more densely clustered regions of the Universe. 

To test whether this model can explain the strong evo- 
lution seen in our data, we must first model the ways in 
which galaxy luminosity and EW[OII] depend upon the star 
formation history of a galaxy. We do this by modelling the 
spoctrophotomctric evolution of CN0C2 galaxies (Bruzual 
& Chariot 2003) with different forms of star formation his- 
tory. By accounting for this evolution, we can understand 
how fp in CN0C2 galaxies can be compared with the equiv- 
alent values of fp locally in the 2dF data. This model also 
requires no density evolution which means that group galax- 
ies remain as group galaxies and field galaxies remain as 
field galaxies. The model evolution contains the parameters 
[IMF, ZfoTin,Z, dust?] and is applied in the following way: 

(i) Each model galaxy is given an IMF, redshift of forma- 
tion, Zfoim, characteristic timescale, r and motallicity Z. Wo 
also choose cither a model with no dust or with a Granato 
et al. (2000) Milky Way dust extinction law applied. 

(u) Bruzual & Chariot (2003) model SEDs are used to 
model the spectrum of a galaxy with the chosen parameter 
set at various steps in redshift up to z = 0.55. 

(iii) The rest-frame 6j-band luminosity evolution between 
two different redshifts is modelled by convolving the filter 
transmission function with the model spectrum (normalised 
to a fixed stellar mass) at each redshift and calibrating to 
Vega as in 2dFGRS. 

(iv) The evolution of EW[OII] is measured by computing 
the model Lyman continuum flux in each spectrum and ar- 
tificially reprocessing this as [Oil] flux using the HII region 
models of Stasinska (1990) at the chosen metallicity, Z. Wo 
assume 1 ionising star per HII region with effective temper- 
ature 45000K and a HII region electron density of 10cm~^. 
The equivalent width is then simply measured by comput- 
ing the continuum luminosity at the wavelength of the [Oil] 
emission lino and normalising the line flux by its continuum 
level. Wc have successfully tested our model by reproducing 
the results of Poggianti & Barbaxo (1996) for an elliptical 
galaxy with a recent starburst. 

At a given redshift and for a given IMF, Z, Zform and 
dust option, wc can determine a value of r at which EW[OII] 
= 5 A. By measuring t = Tum at low redshift (in the 2dF 
redshift range), we can then determine the equivalent value 
of EW[OII] for the same galaxy (with t = ram) at higher 



redshift (i.e. at CNOC2 redshifts). This value we then call 
X, in units of A. 

In this way, we determine the dependence of x on all 
the relevant parameters. Higher values of x imply greater 
evolution in a galaxy's SFR and so the most extreme exam- 
ple of quiescent evolution will occur with a parameter set in 
which x is chosen to be as large as realistically possible: 

• a; is approximately 1/3 larger for a Salpeter IMF than 
for a Kennicutt IMF (Kennicutt 1983). 

• x decreases when dust is included. 

• a; is at a peak where the metallicity, Z is approximately 
solar (= 0.02) or shghtly sub-solar (down to Z ~ 0.004). 
Both at lower and higher metallicities, the value of x de- 
creases. 

• On the whole, x decreases as Zfoim increases. 

• X generally increases for larger choices of CN0C2 red- 
shift (i.e. up to 2; = 0.55). 

• x increases for lower choices of 2dFGRS redshift (i.e. 
down to z = 0.05). 

The rest-frame bj-band luminosity evolution of a 
CN0C2 galaxy is computed by determining the value of t 
which best reproduces the value of EW[OII] for that galaxy 
at ZCNOC2- Then the fading of that galaxy by Z2dF is com- 
puted using 5Mbj= Mbj{z2dF) - Mbj{zcNOC2) for those 
model parameters. 

The mean redshifts of the 2dFGRS and CNOC2 samples 
are z '-^ 0.08 and z ^ 0.45 respectively. The values of Tum 
and X in our 2 test cases (see main text) are then: 

• Control model: With a Kennicutt IMF, 2;torm= 10 
and solar metallicity and the Granato et al. (2000) dust 
prescription, Tum = 2.93Gyrs and x — 7.04A. 

• Extreme model: With a Salpeter IMF, «form= 3, solar 
metallicity and no dust, Tum = 1.74Gyrs and x = 9.86A. 

B2 The Truncation Scensirio 

In the truncation scenario, we allow galaxy transformations 
to occur in which a galaxy's star formation drops instan- 
taneously to zero. This acts as a simple way to enhance 
the decline of star formation, and in particular to turn a 
star forming galaxy into a passive galaxy, independent of its 
initial star formation rate. In reality such transformations 
may be accompanied by a strong starburst phase or/and a 
longer timescale decline to zero star formation. However a 
detailed modelling of spectral and photometric parameter 
space would be necessary to constrain these elements of the 
model with enough accuracy. In this paper, we concentrate 
on matching the value of fp as defined using the value of 
EW[011] over a range of Mi,j luminosity. This is enough in- 
formation to constrain the probability of transformations us- 
ing a simple model, similar to our quiescent evolution model 
described in Section Bl. 

The probability of truncation (Ptrunc) is constrained 
as a function of local luminosity in groups and the field 
by randomly choosing an evolution to Z2dF of star forma- 
tion for each CN0C2 galaxy with a range of truncation 
probabilities. The CN0C2 galaxies are then evolved ap- 
propriately in Ml J and EW[OII] using Bruzual & Chariot 
(2003) models and the resulting fp for the evolved popular 
tion is compared with the local values obtained from 2dF 
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data, thus constraining Ptrunc- Density evolution is incor- 
porated by requiring local groups to contain 5gj% CNOC2 
group members and (1 — ^gr)% CN0C2 field galaxies. The 
model contains the spectrophotometric evolution parame- 
ters [Ptiunz, IMF, Z{oiin,Z, dust] and the density evolution pa- 
rameter ^gj.. However, this is simplified by maintaining a 
consistent and reasonable spectrophotometric model. We 
choose a Kennicutt IMF, redshift of formation, ^form = 10.0 
and solar metallicity. We also incorporate a constant dust 
prescription in the model (Granato ct al. 2000). Wc note 
from experimentation that changing these parameters does 
not strongly affect our conclusions (dependencies on these 
parameters can be seen in the Section Bl). Our model is 
implemented as follows: 

(i) A fiducial set of model parameters is chosen. These 
include IMF, redshift of formation, Zform metallicity Z and 
presence (or not) of dust extinction. 

(ii) For the chosen sot of parameters, galaxy spectra are 
constructed for a variety of star formation histories, using 
Bruzual & Chariot (2003) model SEDs. The star formation 
histories are parameterized with characteristic timescale t 
and redshift of truncation, ztrunc allocated via a 2D grid of 
discrete values for ease of computation. We compute histo- 
ries combining r = [1000, 15, 12, 10, 9, 8, 7, 6, 5, 4, 3, 2, 
1, 0.5] Gyrs and ztrunc corresponding to 12 equally spaced 
intervals in time between z = 0.55 and z = 0.05, given our 
cosmology. One set of models histories with no truncation is 
also computed. 

(iii) The evolution in rest-frame 6j-band luminosity and 
EW[OII] are computed using the same method as described 
in the quiescent evolution model. 

(iv) At the redshifts z = [0.55, 0.5, 0.45, 0.4, 0.35, 0.3, 
0.08] we determine the values of rest-frame 6j-band lumi- 
nosity per unit stellar mass, EW[OII] and the ratio of stellar 
mass to present day stellar mass for all possible combina- 
tions of T and Ztrunc. This covers the CNOC2 redshift range 
and the mean 2dF redshift {z2dF = 0.08). 

(v) For each star formation history (i.e. each value of r 
and Ztrunc), we compute the evolution in Mtj and EW[OII] 
from ZCNOC2 = [0.55, 0.5, 0.45, 0.4, 0.35, 0.3] to Z2dF = 0.08. 
For intermediate zcnoc2 we simply interpolate between 
these values. 

(vi) For each galaxy in the CN0G2 sample, a value of t 
is chosen which best matches the EW[OII] of the GN0C2 
galaxy at the redshift of that galaxy. This involves making a 
2D interpolation over the t models in EW[OII] and zcnoc2- 

(vii) The probability of a galaxy having its star forma- 
tion truncated in 1 Gyr is Ptmnc. For a given value of 
Ptrunc, the CNOC2 galaxies are evolved to redshift z = 0.08 
for comparison with 2dF galaxies. This evolution consists 
of randomly selecting a truncation redshift, ztrunc, where 
ZCNOC2 > Ztrunc > 0.08 with a probability equivalent to the 
product of Ptrunc and the timestep in Gyr, for each ztmnc. 
Each galaxy can only experience one truncation and if it has 
not undergone any truncation hy z = 0.08 then we select the 
evolution model with no truncation. The values of Mi,j and 
EW[OII] for the evolved CN0C2 galaxy at 2; = 0.08 are 
then assigned in a consistent manner from the computed 
evolution models. 

(viii) This evolution is repeated with a range of values of 
Ptrunc to create a series of mock catalogues of CN0C2 galax- 



ies evolved to 2: = 0.08. We allow Ptmnc to vary between 0.0 
and 0.8 in steps of 0.005. 

(ix) A density evolution model is assumed. In this model, 
CN0C2 field galaxies become 2dF field galaxies and CN0C2 
group galaxies become 2dF group galaxies. However, a 
CNOC2 field galaxy may also become a 2dF group galaxy, 
with a probability Pf:g (which is computed such that lo- 
cal groups comprise ^gr% CN0C2 group members and 
(1 — Cgr)*^ CN0C2 field galaxies), mimicking the cluster- 
ing of large scale structure in the Universe. Realisations of 
dark matter halo merger trees suggest that the actual frac- 
tion of 2dF group galaxies in groups hy z = 0.45 was ~ 80% 
(Cgr = 80%) (Laccy & Cole 1993) 

(x) Given our choice of density evolution, for each evolved 
CNOC2 mock catalogue (each choice of Ptrunc) we compute 
fp (mock) as a function of luminosity in the group and field 
samples. These values are then compared with the locally 
measured values fp(2dF) and a best fit value of Ptmnc is 
chosen for each luminosity bin in each sample using a poly- 
nomial function to fit fp (evolved CN0C2) as a function of 

Ptrunc. 

(xi) Errors on Ptrunc are determined by first determin- 
ing the errors in fp(mock) and fp(2dF) and then combining 
these in quadrature and converting to an error in Ptmnc in 
each bin. Errors in fp(mock) include the statistical errors in 
the CN0C2 population and its evolution and the error in 
EW[OII] leading to an error in the distribution of r models 
selected. Errors in fp(2dF) include the statistical error in the 
population and the error due to random smoothing (by 2A) 
of the 2dF galaxies' EW[OII]. These errors are all estimated 
using a resampling method. 
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